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A B S T R A C T   

Long-term reliability is critical in automobiles owing to their frequent exposure to the external environment and 
lengthy operational durations. Using dissimilar materials as adhesives to reduce the weight of vehicles results in 
a mismatch of coefficients of thermal expansion (CTE). Difference in CTE causes constant internal stress at the 
adhesive interface when the temperature changes, leading to delamination of the adhesive at the interfaces, 
microcrack initiations, and crack propagations. Therefore, a blend of linear urethane prepolymer and epoxy was 
tested to alleviate stress concentration. Dynamic mechanical analysis (DMA) was performed to determine the 
modulus according to the urethane content, while tensile strength was measured to evaluate changes in the 
physical properties. It was observed that increasing the urethane content decreased the modulus but progres
sively enhanced the tensile strength elongation rate. The lap shear strength specimen was thermally shocked to 
validate the decrease relative to the initial value based on the cycles. Consequently, combining urethane and 
epoxy successfully enhanced the elongation and reduced the internal stress caused by temperature changes.   

1. Introduction 

Epoxy adhesives are among the most often used thermosetting 
polymers owing to their excellent mechanical qualities. Epoxies possess 
amorphous structures and high cross-linking densities, while exhibiting 
high modulus and low creep characteristics [1–3]. As a result of its high 
adhesive strength, thermal stability, and chemical resistance, it is used 
in a wide variety of applications, including automotive, aerospace, 
marine industries, and electronics [4–7]. However, the highly cross- 
linked structure renders them brittle, and the materials exhibit poor 
resistance toward crack propagation [8,9]. This brittleness is signifi
cantly affected by the temperature variations, particularly after bonding 
with various materials for weight reduction [1,3]. 

In the current automotive industry, lightweight design is a crucial 
component. Owing to the decreasing fuel efficiency due to the weight of 
batteries in electric cars, weight reduction of materials is becoming 
increasingly essential. In addition, carbon dioxide emission regulations 
are progressively being tightened, lowering the usage of steel and 
boosting the use of various lightweight materials—carbon-fiber-rein
forced plastics (CFRP) and aluminum (AL). All materials have varying 

coefficients of thermal expansion (CTEs) with varying temperature [10]. 
Under temperature fluctuations, each material experiences differential 
thermal shrinkage and expansion. Particularly, organic materials tend to 
possess higher CTEs compared to inorganic materials. However, CTE 
mismatch becomes a challenge while bonding epoxy materials with 
other substances [11–14]. 

Automotives are frequently affected by temperature variations, and 
the current issue of CTE mismatch poses challenges to long-term reli
ability [15,16]. When subjected to continuous thermal cycling, internal 
stress is received at the adhesive interfaces as different materials, such as 
steel and CFRP, cannot follow the substantial expansion and contraction 
variations of the adhesive. When this internal stress continues to persist, 
issues such as peeling and cracking occur [14,17]. When subjected to 
continuous internal stress due to temperature changes, in the case of 
neat epoxy, the initiation and propagation of microcracks occur. When 
such a propagation occurs, delamination occurs at the adhesive inter
face, eventually creating a concern in long-term reliability [18–20]. 

To relieve the internal stress caused by CTE mismatch, it is necessary 
to control the epoxy that expands and contracts the most. The first 
approach is to lower the CTE. Usually, inorganic fillers with low CTEs 
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(nano clay, nano silica) are used to lower CTE [11,12,21,22]. The second 
approach focuses on controlling the thermal expansion rate by 
increasing the crosslinking density and minimizing molecular move
ment. However, a higher degree of crosslinking can make the epoxy 
more brittle than before, potentially compromising its toughness and 
impact resistance [23,24]. Mechanical qualities are critical when it 
comes to the application of epoxy in automobiles. The modification of 
epoxy can be the final approach. By incorporating additives, such as 
liquid rubber or core shell rubber particles, into the neat epoxy formu
lation, the internal stress can be dispersed and crack resistance can be 
strengthened [23,25–27]. In certain cases, a low modulus component 
(urethane-modified epoxy) material is added and blended. The brittle 
properties can be reinforced by increasing the elongation and flexibility 
of the epoxy having a high modulus [28]. It is highly effective in alle
viating the internal stress concentration because of its ability to change 
freely during temperature variations owing to the aforementioned 
elongation feature and increased flexibility [29,30]. 

Most previous studies have predominantly focused on lowering the 
CTE using inorganic fillers to resolve the CTE mismatch issue. Although 
the method is effective in the case of semiconductors, it presents several 
limitations in the automotive field, where impact resistance, strength, 
and vibration resistance are crucial requirements. 

In this study, the usage of urethane-modified epoxy to mitigate the 
stress concentration issue induced by CTE mismatch was investigated. 
Epoxy, having a cross-linked network structure, and a linear urethane 
prepolymer were used together to form a semi-interpenetrating polymer 
network (IPN) structure after curing. While retaining the epoxy’s 
excellent adhesiveness, the brittleness was supplemented by the linear 
urethane prepolymer through the aforementioned combination, which 
additionally improved the flexibility and elongation. To confirm 
whether the internal stress was relieved through the elongation char
acteristics, lap shear strength samples were made, and a thermal shock 
test was conducted. The test was repeated for 0, 24, 48, and 72 cycles, 
and the decrease in lap shear strength compared to the initial value was 
confirmed. Fracture shapes were observed after the thermal shock, 
allowing for the identification of locations with internal stress and any 
changes that happened as the cycles continued. 

2. Materials and methods 

2.1. Material 

The epoxy YD-128 was derived from bisphenol A diglycidyl ether 
(DGEBA, Kukdo Chemical), having an epoxide equivalent weight (EEW) 
of 184–190 (g/eq), which was used in the present study. UME-330 was a 
linear urethane prepolymer-modified liquid epoxy resin. An EEW of 
265–280 (g/eq) was utilized for flexibility and elongation. Dicyandia
mide (Dyhard100s, Alzchem) and 3,3′- (4-methly-1,3-phenylene) bis 
(1,1 -dimethylurea) (Dyhard UR500, Alzchem) were used as the curing 
agent and accelerator (Table 1). The epoxy and curing agent were used 
in a 1:1 equivalent ratio. The accelerator was used at 1 phr to adjust the 

curing temperature and time. 

2.2. Specimens 

The specimens utilized in this study included a steel plate (CR340) 
and an autoclave carbon fiber-reinforced polymer (CFRP). The CFRP 
was fabricated by laminating in [0◦/90◦] 13 plain-weave prepregs 
(WSN-3KT, 100 mm × 25 mm × 2.5 mm, SK Chemicals). The steel plate 
employed was cold rolled steel (CR340, 100 mm × 25 mm × 1.6 mm, 
Posco Chemical Co., Ltd.), a commonly used material in automobiles. All 
specimens were subjected to cleaning through sonication for 10 min 
with alcohol, followed by natural drying for 20 min before testing. 

2.3. Preparation of urethane-modified epoxy (UME) 

Two materials UME-330 and YD-128 were used for blending the 
urethane-modified epoxy. UME-330 contains 30% linear urethane pre
polymer and 70% DGEBA. Experiments were carried out with 0, 10, 15, 
20, 25, and 30 wt% of linear urethane prepolymer obtained by diluting 
UME-330 in DGEBA (UME0, UME10, UME20, UME25, UME30). Table 2 
shows the details of the composition of the urethane-modified epoxy 
blend. 

2.4. Dynamic mechanical analysis (DMA) 

DMA (Q800, TA Instruments) was used to assess the modulus and tan 
Delta behavior according to UME content. For 0–30% UME content, 
rectangular specimens were prepared using a silicone molder. 

(80 mm × 10 mm × 4 mm). The measurement was conducted using a 
dual cantilever at 0.1% strain under 1 Hz frequency (under ASTM 
D5418) in the temperature range of − 55 ◦C to 200 ◦C at a constant 
heating rate of 5 ◦C/min. 

2.5. Thermomechanical analysis (TMA) 

A linear change according to the UME content was investigated 
based on the temperature using a thermomechanical analyzer (TMA 
(Q400), TA Instrument). Samples were scanned under a nitrogen at
mosphere from room temperature to 200 ◦C at a heating rate of 5 ◦C/ 
min. 

2.6. Tensile test 

As the UME content was increased, the variations in the stress, strain, 
and elongation were determined at low (− 55 ◦C), high (125 ◦C), and 
room temperature, and the values were compared with those for the 
conventional DGEBA (under ISO 527–2). The test was conducted on a 
universal testing machine (UTM Z010, Zwick) in a temperature- 
controlled chamber. 

Samples were produced in a silicone mold while following the ISO- 
527 standards. For curing, the silicone mold was preheated at 160 ◦C 
for 30 min; the prepared material was injected into the silicone mold and 
cured at 160 ◦C for 30 min in a vacuum oven. The prepared specimens 
were stored in a room at constant temperature and humidity for 1 h, and 

Table 1 
Components of adhesives.  

Material Composition Equivalent  

(g/eq) 

Form 

YD-128 
(Kukdo) 

Bisphenol A diglycidyl ether 187 Liquid 

UME-330 (Kukdo) Urethane prepolymer modified  

liquid epoxy resin 

272.5 Liquid 

Dyhard 100 s 
(Alzchem) 

Dicyandiamide 21 Powder 

Dyhard UR500 
(Alzchem) 

3,3′-(4-methly-1,3-phenylene) bis  

(1,1 -dimethylurea) 

3 Powder  

Table 2 
Composition of urethane-modified epoxy blend.  

Sample YD- 
128 
(g) 

UME- 
330 
(g) 

Equivalent  

(g/eq) 

Dyhard 100 
s 
(g) 

Dyhard UR500 
(g) 

0 100 0 187  11.23 1 
10 66.67 33.33 208.84  10.06 1 
15 50 50 221.8  9.47 1 
20 33.33 66.67 236.46  8.89 1 
25 16.67 83.33 253.2  8.29 1 
30 0 100 272.5  7.7 1  
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then placed in the chamber to conduct the experiment. Measurements 
were obtained under three conditions (− 55 ◦C, room temperature, and 
125 ◦C). Before measurement at each temperature, the chamber was 
maintained at the respective temperature for approximately 1 h. 

2.7. Single-lap shear test 

The blended adhesive was applied to the steel plate (CR340) and 
autoclave CFRP. The bonding area was adjusted by using a spacer of 
12.5 mm × 25 mm and 0.18-mm-thick Teflon tape (AGF-100FR, Chukoh 
Chemical Industries). After curing at 160 ◦C for 30 min, the bonded 
sample was stored in a room at a constant temperature and humidity for 
approximately 1 h. The thermal shock test was conducted for 0, 24, 48, 
and 72 cycles, and after each cycle, the measurement was acquired after 
storage at 23 ◦C and 55% relative humidity for an hour. The change in 
shear stress after each thermal cycle was compared with the initial 
value. The experiment was conducted at the speed of 5 mm/min on the 
UTM. After repeating the cycle, the decrease in lap shear strength 
compared to the initial value was confirmed. 

Decreased Rate (%) =
τcycle0 − τcycle72

τcycle0
× 100 

The decreased rate indicates the decrease in rate after 72 cycles 
thermal shock compared to the initial value. τcycle0 denotes the lap shear 
strength measured without thermal shock and τcycle0 indicates the lap 
shear strength after 72 cycles of thermal shocking. 

2.8. Thermal shock test 

Thermal shock test was conducted to assess the impact of CTE 
mismatch-induced internal stress at repeating cycles of low and high 
temperatures. It was primarily used to evaluate the long-term reliability 
of the specimens and identify potential causes of failure. 

The test was conducted using the TSA-40L-A Expec (Japan) equip
ment according to the shock conditions specified in the MIL-STD-883 
standard, which are more stringent than the conditions applied in gen
eral automobile reliability evaluation tests. The tests were performed in 
the temperature range of − 55 ◦C to 125 ◦C and in multiple cycles (0, 24, 
48, 72 cycles), with each cycle encompassing two steps—the first step 
conducted at 125 ◦C for 30 min and the second step conducted at − 55 ◦C 
for 30 min. The dwelling time between the two steps was approximately 
10 min at room temperature. 

3. Results and discussion 

3.1. Structural characteristics of blended materials 

Two types of adhesives DGEBA epoxy adhesive and linear urethane 
prepolymer were blended to offset the disadvantages of each when used 
alone. Conventional epoxy exhibits high strength; however, it is limited 
by its inherent brittleness and low elongation properties [18–20]. In 
contrast, the urethane adhesive demonstrates flexible characteristics 
and high elongation but possesses lower strength due to its soft material 

characteristics. 
We used the two aforementioned materials to compensate for each 

other’s shortcomings. As the epoxy is cross-linked to the linear urethane 
prepolymer, a semi-IPN structure is formed, as shown in Fig. 1. Thus, the 
ratio of the DGEBA and linear urethane prepolymer contents can be 
adjusted to control the flexibility and rigidity of the adhesive. The 
resulting chain structure improves the brittleness and flexibility of 
DGEBA. Owing to the improved flexibility, the problem of stress con
centration can be solved by redistribution of the stress [31]. 

3.2. Dynamic mechanical analysis 

The DMA results show the storage modulus and glass transition ac
cording to the DGEBA and urethane prepolymer contents. In the case of 
the temperature range, the temperature was increased from –50 ◦C to 
275 ◦C. This was done to determine whether phase separation occurred 
in the tan Delta to confirm the successful blending of the two materials 
[32,33]. It was confirmed that one peak appeared up to 275 ◦C. Fig. 2 (a) 
shows that the storage modulus gradually decreases as the UME content 
increases, which is attributed to the softness of the latter. Fig. 2 (b) 
shows the glass transition temperature. The maximum value of tan Delta 
represents the value of the glass transition. In the case of neat epoxy, the 
glass transition temperature (Tg) was 160 ◦C, and no significant change 
was observed with increase in the linear urethane prepolymer content. 
Depending on the content, Tg values of 161, 161, 160, 160, 159, and 
158 ◦C were observed. The high temperature of 125 ◦C in the thermal 
shock test did not appear to influence the Tg. 

3.3. Thermal expansion of substrates and adhesives 

A mismatch in the CTE occurs when different materials are bonded; 
this CTE mismatch between dissimilar materials is a critical factor that 
often leads to reliability issues when they are bonded together [11–14]. 
Different expansions and contractions occur when the temperature 
varies, and the material that expands the most experiences the most 
internal stress. As different materials expand forcibly without being able 
to keep up with the large expansion, this internal stress acts at the 
interface where the materials are bonded. 

Based on the TMA data presented in Fig. 3, the difference in 
expansion in the case of dissimilar materials and adhesives was observed 
to be more than sixfold. This observation indicates that the adhesive 
undergoes the largest expansion and contraction as the temperature 
changes. In the case of adhesion between dissimilar materials, a signif
icant amount of internal stress is generated at the interface under 
repeated expansions and contractions. Neat epoxy is brittle because of 
its high crosslinking density, resulting in microcracks when the thermal 
cycle is repeated [34,35]. Therefore, it is important to use it in 
conjunction with a linear urethane prepolymer to enhance flexibility 
and alleviate stress concentration during expansion and contraction. In 
the case of conventional rigid neat epoxies, stress concentration occurs 
severely during expansion and contraction due to the high modulus 
during expansion. As the UME content between the molecules increases, 
the density of the network structure decreases and CTE increases (Fig. 3 

Fig. 1. Schematic of semi-IPN structure of UME.  
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Fig. 2. (a) Storage modulus of DGEBA/UME; (b) Tan Delta of DGEBA/UME.  

Fig. 3. TMA data: (a) Change in dimension of CFRP and steel; (b) Change in dimension with UME content.  

Fig. 4. Stress–strain curves at (a) Room temperature, (b) High temperature, and (c) Low temperature; (d) Elongation at break for various UME contents and 
temperatures. 
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(a), (b)). 

3.4. Temperature effects on stress–strain curve for different UME contents 

To confirm the change in behavior according to the temperature 
variations, dog-bone shaped samples of the adhesive were prepared, and 
the tensile strength was measured using the UTM. An experiment was 
conducted to confirm the strain–stress results of the adhesive according 
to the temperature change. Regarding the thermal shock temperature, a 
cycle test was conducted at a low temperature of − 55 ◦C and high 
temperature of 125 ◦C to confirm the change in adhesive properties at 
this temperature. 

Specimens were prepared with a UME content of 10–30 wt%. As the 
urethane content increases, the rigidity decreases and flexibility im
proves (Fig. 4 (a), (b), (c)). It can be observed that UME0 exhibits 
considerably less elongation within the range of the room temperature. 
The particularly low strain at break is due to the properties of the neat 
epoxy (Fig. 4 (d)); owing to its high crosslinking density, the epoxy 
possesses rigid yet brittle properties, and even a minor impact can 
induce breaking. 

The results show that the semi-IPN structure obtained by curing neat 
epoxy on the linear urethane prepolymer improves its brittleness and 
flexibility. At a low temperature of − 55 ◦C, extremely limited elonga
tion is observed. Even when the urethane prepolymer content is 
increased, the maximum strain shows an elongation of less than 1%. As 
the temperature reduces, the adhesive shrinks, causing the molecules to 
come closer, which results in a high modulus [36–39]. The neat epoxy 
also possesses a high modulus; however, its brittle properties are 
enhanced at low temperatures. Thus, it could get damaged even under a 
small force. At a high temperature of 125 ◦C, significantly high elon
gation is observed. As the temperature increases, the adhesive expands 
and the molecules move away from each other, resulting in a low 

modulus. The neat epoxy also exhibits an elongation of 3% or more 
[40,41]. 

The strain–stress results according to the temperature range indicate 
the lowest elongation at a low temperature. This is likely to have the 
greatest effect if the internal stress accumulates in the low-temperature 
region when expansion and contraction are repeated after bonding the 
dissimilar materials. In the case of UME0 and UME10 with low urethane 
content, the results of the strain at break showed that the elastic area is 
considerably small. That is, when stress occurs under repeated expan
sion and contraction, reliability issues such as microcracks may occur. 

3.5. Adhesion performance of urethane-modified epoxy adhesive after 
thermal shock cycle test 

After bonding the different materials (CFRP/steel) with the adhesive, 
a lap shear test was performed to examine the behavior of the changes 
according to the urethane content under cyclic thermal shock. As the 
urethane content increased, the lap shear strength increased. The brittle 
properties of neat epoxy appeared to be improved by the linear urethane 
prepolymer, and the improved toughness influenced the lap shear 
strength, which was recorded as 14, 17, 26, 32, 23, and 17 MPa for 
urethane contents of 0, 10, 15, 20, 25, and 30 wt%, respectively (Fig. 5 
(a)). After 25 wt% of UME, the lap shear strength seemed to decrease 
with the decreasing internal cohesiveness [42]. 

The conditions of the thermal shock cycle were repeated for 0, 24, 
48, and 72 cycles. Each cycle proceeded in the order of low temperature, 
room temperature, and high temperature, and a total of 72 cycles were 
conducted. As the thermal shock was repeated after bonding the dis
similar surfaces, the rate of reduction in the lap shear strength when 
compared with the initial value was determined. Fig. 5(c) shows that 
when the cycle is repeated, expansion and contraction according to high 
and low temperatures occur, resulting in a difference in the thermal 

Fig. 5. (a) Lap shear strength according to thermal shock cycle; (b) Decreased rate of 72 cycles compared to initial value; (c) Schematic image of expansion and 
contraction according to temperature change in the adhesion of dissimilar materials. 
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expansion. Adhesives with higher rigidity experience greater internal 
stress during expansion and contraction, which causes significant de
fects such as delamination, crack initiation, or crack propagation. When 
the linear urethane content is increased, the elongation property of the 
adhesive is improved, resulting in better stress dispersion. This 
enhancement occurs because the adhesive is able to change easily when 
it expands and contracts [41]. 

After 72 cycles, the lap shear strengths decreased by –31%, –21%, 
–17%, –11%, –16%, and –43% from the initial values as follows. UME20 
showed the highest lap shear strength and the smallest decrease when 
compared with the initial value. As the UME content increased, it 
showed effective results in relieving internal stress caused due to CTE 
mismatch. However, with increasing UME content, the softness 
increased and the lap shear strength value, compared to the initial value, 
gradually increased with the UME20 content. 

3.6. Observation of adhesion fracture shape after lap shear test 

The part that receives the greatest amount of thermal stress during 
thermal expansion and contraction is the interface. Because the adhesive 
and adherend are fixed at the interface, continuous thermal stress is 
generated at the interface during expansion and contraction. As shown 
in Fig. 6(a), when high and low temperatures are repeatedly applied, 
large expansion and contraction occur in the adhesive with a large CTE. 
When the adhesive undergoes thermal expansion and contraction, it can 
move in the vertical and horizontal directions. The expansion and 
contraction of the adhesive in the vertical direction can proceed freely 
without restrictions. However, the movement of the adhesive is limited 
in the horizontal direction. This is because the adherend and adhesive 
adhere to the interface, and when expansion and contraction occur, 
internal stress is concentrated due to the movement at the interface. If 
this internal stress is repeated, it affects the interfacial adhesion between 
the adhesive and adherend, resulting in microcracks or crack 

propagation inside the adhesive [30,37]. 
As shown in Fig. 6(b), the adhesive shrinks at low temperatures. 

During this process, it is bonded to the adherend and tensile stress de
velops inside it. At high temperatures, the adhesive expands. During this 
process, the adherend and adhesive are bonded and compressive stress 
develops inside the adhesive. The modulus of UME0 and UME10 are 
large and rigid. Owing to their rigid properties, when low and high 
temperatures are repeatedly applied, a larger amount of stress is 
developed during contraction and expansion. Further, the samples have 
brittle characteristics, which cause defects (such as microcracks) under 
repeated internal stress. In the cases of UME15, UME20, UME25, and 
UME30, the stress–strain curve in the tensile stress results shows that the 
elastic region is significantly increased. This increase in the elastic area 
ensures flexibility during expansion and contraction to relieve the in
ternal stress. 

Fig. 6(c) shows the fracture shapes after the lap shear test. In this 
stage, the lap shear strength decreased the most when compared with 
the initial value, especially in the case of the samples in which interfacial 
fracture occurred. This implies that the initial bonding force between the 
interface and adhesive is weak in the case of the samples where inter
facial failure occurs. In the case of the samples having weak bonding 
strength at the interface, the bonding strength further decreases when 
exposed to high and low temperatures owing to the internal stress that is 
continuously received at the interface. Therefore, UME0 and UME30 
exhibited the most significant reduction in bonding strength. UME30 
displayed the highest increase. It exhibited a higher decrease in internal 
cohesion within the epoxy adhesive because of softness compared to the 
neat epoxy. Conversely, UME10 demonstrates brittle characteristics due 
to its high modulus; therefore, it is susceptible to breakage even with 
minor impacts. Moreover, the interfacial bonding weakens with 
repeated cycles, thereby increasing the reduction width. Meanwhile, 
UME30, with its low internal cohesive force, exhibits partial failure 
rather than complete interfacial failure [42] (Fig S2). 

Fig. 6. (a) Direction of stress on the adhesive at low and high temperature; (b) Effect on internal stress of adhesive moving horizontally and vertically and fracture 
shape of the lap shear test after thermal cycle. 
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UME15, UME20, and UME25 not only exhibited the largest mixed- 
mode fracture, the smallest reduction in bonding strength was also 
noted in these. Thus, based on the fracture shape, it can be confirmed 
that interfacial adhesion is crucial when bonding dissimilar materials. 
The fracture shape changes over 0, 24, 48, and 72 cycles because the 
interfacial bond is weakened due to the constant internal stress at the 
interface. 

4. Conclusion 

In this study, a semi-IPN structure was created by blending a linear 
urethane prepolymer with neat epoxy to adjust the flexibility and 
elongation properties of the epoxy, while retaining its rigidity. From the 
tensile test results, it was confirmed that the elongation and elastic area 
increased as the UME content increased. This is vital not only for 
relieving internal stress caused by CTE mismatch, but also for enhancing 
impact resistance and mechanical properties. The thermal shock test 
conducted for 0, 24, 48, and 72 cycles demonstrated that as the UME 
content increased the initial value was maintained at approximately 2.8 
times than that of neat epoxy. 

In the future, it is projected that more diverse lightweight materials 
and adhesives would be used in automobiles. In this context, the semi- 
IPN structure demonstrates its effectiveness in addressing the chal
lenges posed by CTE mismatch. Additionally, it offers excellent me
chanical properties, making it suitable for application across various 
fields. 
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